Urban traffic control (UTC) is a cheap, readily available, tool that is underused for travel demand management. While it has long been understood that traffic is likely to re-route in response to signal settings, the goal of a UTC system is still often seen as "get the vehicle through the junction as quickly as possible". The main exception is vehicle actuated signals, which attempt to speed journeys for public transport by arranging a green-wave to transponder equipped vehicles. There is, however, considerable potential in making use of the fact that vehicles are likely to re-route in response to UTC, particularly as a subtle tool for traffic demand management. The MUSIC (Management of traffic USIng Control) project is a European Union funded project, which attempts to demonstrate some of this potential using on-site demonstrations. In three cities, network models have been used to create fixed-time signal settings, which attempt to meet the traffic demand management goals of the city authorities. The three sites chosen were: York, where bus-actuated pre-signals are used both to "gate" traffic and also to give priority to buses; Porto, where a city-wide signal-setting policy is designed to reduce congestion to cars, favour well-used public transport routes and discourage cars from entering "pedestrian sensitive" areas; and Thessaloniki, where a city wide signal-setting policy is designed to reduce congestion to cars while favouring the mostused public transport routes. This paper reports on the project, concentrating on the modelling techniques used to produce the signal-setting plans but also reporting some initial encouraging results from the demonstration sites.
INTRODUCTION
It has long been known that Urban Traffic Control (UTC) can have a significant effect on driver route choice but practical applications for this have been limited. While some signal control policies, for example P 0 (1), have sought to take advantage of this, typically they do so only with an eye to reducing vehicle delay. The EU funded MUSIC (2, 3 ) project aims to demonstrate a range of possibilities for traffic demand management (TDM) measures which can be implemented using a cities' existing UTC system. The project uses a specially developed software model known as STEER (Signals/Traffic Emulation with Event-based Responsiveness) (4) to produce fixed-time signal timing plans which are then evaluated in a number of software models. These plans are then implemented on-street and monitored with before and after studies. This paper will attempt to describe the project as a whole but concentrate on the software modelling aspects. The MUSIC project is shown in schematic form above. The shaded boxes represent tasks which have been completed at the time of writing. While the after studies are not complete, some initial results are available and these are presented in this paper.
Initial city network models and objectives
The initial inputs required from the test-sites were two fold: a calibrated network model of the city and a set of TDM objectives. It was important that the network model was well-calibrated. Naturally, if the network used was not a good representation of the city then there was little chance of using it to create signal timing plans which would be successful. Considerable effort was therefore expended in ensuring that the models were extremely accurate. The models were for a typical week-day rush hour and it is only for this period that the signal timing plans produced are valid.
The models used by the cities were for SATURN (a commercial UK-based macro-scopic simulation model) (5) since all three cities had existing SATURN models which could be calibrated and used in the project. The SATURN network was then translated into the format required by the STEER program. This was much more problematical than had at first been anticipated -the difficulties of translating between network data formats should not be underestimated! The city objectives were goals measurable within a typical traffic simulation model. They took the form of changes to flows, delays and travel times. It was important to ensure both that the targets were not contradictory (for example it is hard to reduce flow on a route if you are also trying to reduce travel time on that route since the reduced travel time will tend to attract more flow) and that they were achievable using the signals which were available for us to change.
THE MUSIC MODELLING PROCESS
The modelling in MUSIC consisted of several phases. First, tests were made using the initial SATURN network and the translated STEER network to ensure that they were in reasonable agreement. The process of comparing different simulation models is an involved process described more fully in (6) including a comparison of the three models used in the MUSIC project.
Secondly, the STEER program was used to produce an initial timing plan for the city traffic signals using the MUSIC method described below. This process produces a set of fixed time signal plans for the city which reduces delay for vehicles. The plans produced in this way were tested in both the STEER and SATURN models. The York plans were also tested in CONTRAM (a commercial UK-based dynamic simulation model) (7) .
Finally, the signal timing plans were tuned to meet the individual targets. Initially this was conceived as part of the MUSIC method but this proved impractical. In the end this was done "by hand" by inspecting the modelling results, using the results and insight to determine how best to adjust individual signals to R.G. Clegg, A.J. Clune meet targets. After "tweaking" one signal, the models were re-run and the efficacy of the change assessed. This was an extremely slow and painful process! There is a great need for a method which can be used to set signal plans for a city to meet goals other than simply minimising total travel time.
The MUSIC method
Central to the MUSIC project is the MUSIC method for off-line creation of fixed-time signal plans. The MUSIC method is a combination of Smith's policy P 0 (1) and virtual delay-based road pricing. P 0 is the well-known idea that signals can attempt to route vehicles onto roads which have greater capacity by giving more green time to routes with greater capacity. In essence the method is to assign a "pressure" to each stage of a signal based upon the following formula:
where P is the pressure on the stage, s n is the saturation flow of the n th link which is green during this stage and d n is the delay experienced by the average vehicle on the n th link which is green during this.
Stages which have more "pressure" on them have more green time assigned. In this way, more green time is given to approaches which can accept more traffic. This means that vehicles are encouraged onto routes which have a higher capacity. Of course this change to signal timings means that the vehicles will re-route. Therefore, new routes must be calculated for the vehicles which leads to new signal timings. Experience has shown that this process will usually converge after a number of iterations.
Delay-based road pricing is the policy of charging drivers based upon the amount of time they spend queuing. Delay-based pricing, whatever its other effects, is an extremely efficient way of causing drivers to avoid congested routes. Studies have shown that, even ignoring the peak-spreading and elasticity effects of road-pricing, it produces a considerable reduction in travel time on a network. When delay-based pricing is put on a network, drivers are forced to avoid any congested routes. Of course, too much delay-based pricing leads the drivers onto inefficient routes since they are travelling a large extra distance to avoid the delays.
The ideas of P 0 , a policy which favours high saturation flow routes, and delay-based pricing which forces drivers onto more efficient routes leads to the MUSIC method:
1. Impose a delay-based pricing on the simulated network with a small price p. This should force drivers onto optimal or nearly optimal routes. 2. Adjust signals according to P 0 . The signals are now weighted to give greater green to these nearly optimal routes. 3. Freeze the signals and remove the pricing. Allow the vehicles to return to an un-priced userequilibrium. This will provide an assessment of the signal timing plan created in step 2. 4. Increase price p and go to step 1. Repeat until an optimal pricing level p has been located by examination of the total travel time on the network at the end of step 3.
This method has been found, on a variety of networks, to produce signal timing plans as good as, and usually better than, the traditional policies P 0 and equi-saturation. (In fact, when the pricing level p is zero, it can be seen that the policy is the same as P 0 ).
It was hoped that different virtual pricing policies might be able to induce different effects, for example, cordon (or toll) pricing to simply discourage drivers from an area. However, for the routes in the MUSIC studies, this method proved ineffective.
The STEER model
STEER (Signals/Traffic Emulation with Event-based Responsiveness) was created with the intent of studying problems in UTC design. The model is a microscopic, dynamic model which concentrates on detailed representation of traffic signals and also policies to set traffic signals. A detailed description of the STEER model is beyond the scope of this paper, more details can be found in (8) . The model can be described, in brief, as being composed of the following three components:
1. A simulation engine: The model is a junction micro-simulation model based upon three junction types, uncontrolled, give-way and signalised. The simulation engine is event-based. That is to say, it simulates traffic by passing messages such as "Car 23 arrives at junction 7 at time 9:23".
2. An assignment model: The assignment model, as it is run in this project, attempts to route vehicles to a dynamic user-equilibrium by switching vehicles onto new shortest paths which are calculated based upon the travel times simulated on previous days. Vehicles are assigned a probability of switching to a new route which is based upon the cost they might save by doing so. 3. A signal setting policy model: This can be both part of the simulation engine (to model responsive signal setting policies) or, as in the work described in this paper, a separate sub-model which sets traffic signals according to the traffic conditions predicted by the simulation model.
STEER repeats these three components for a set number of iterations and, after this time, the convergence of the model is assessed.
THE PORTO CASE STUDY
Porto is the second city of Portugal, covering an area of approximately 42 km 2 and with 300,000 inhabitants. Porto is the core of a Metropolitan Area with a population of about 1.1 million.
The first stage of the project was to receive a network and a list of objectives from the city authorities. These objectives are shown in Table 1 .
To summarise, the objectives MM1, MM2 and MM3 are main car routes where a travel time reduction was desired, and a target of a reduction of more that 10% was set (it was also considered desirable that cars should stay on these routes, thus an objective to not reduce flow too greatly was also included). MM4 and MM5 were control routes picked to check whether these adjustments were harming the rest of the network. P1, P2, P3 and P4 were routes in pedestrian sensitive areas where the objectives were to divert cars away from the route or give pedestrians more priority at signals. Here the aim was to increase pedestrian green time for P1 and to reduce flow levels by more than 10% for the other three. RR1 and RR2 were bus routes where travel time was a priority (again the aim was to reduce by more than 10%) and BB1, BB2 and BB3 were control public transport routes where it was important that travel time did not increase.
It was also desirable that as few signals as possible were altered to make the changes to the network physically easier to implement. Therefore, we were given a set of 29 signals which we were allowed to change. These were chosen based upon which ones were thought to be "most critical" to the objectives already set.
In Porto the original MUSIC method as described above was considered appropriate to create an initial signal timing plan. After runs on a number of pricing levels were done, the best pricing level was chosen. This produced a gain in travel time assessed in STEER of 1.8% and assessed in SATURN of 0.6% (relatively poor overall gains, however, it must be remembered that we were using very few signals). The initial MUSIC results as applied to the objectives set are shown in Table 1 . Assessed in STEER, ten objectives were met and five were made worse. Assessed in SATURN ten objectives were met and four were made worse. While the number of objectives met is encouraging, these results are not really satisfactory due to the number of results made worse by the changes.
It was partly to be expected that the goals would not be met in this initial phase, since the MUSIC method was designed to reduce travel time in a city as a whole using all the signals, rather than to meet specific goals in areas using only some signals. Our next approach was to try different pricing policies to meet the specific goals of the cities, however, this proved ineffective. Eventually, we were forced to take a pragmatic approach and to change the signals in the model by-hand, having gained insight into the flows by looking at previous modelling results. In the areas where decreases in travel time were desired, green times were fractionally increased and offsets were realigned. In areas where flow decreases were needed, green times were reduced to that area and sometimes signal offsets were deliberately mis-aligned! After "tweaking", the results had improved considerably. Assessed in STEER, nine targets were now met and only three were worsened. Assessed in SATURN, twelve targets were now met, two were nearly met and only one was worsened --a considerable improvement on the original situation. However, "tweaking" signal offsets by hand does not seem a very satisfactory way to approach a signal setting study and, in the opinion of the authors, this highlights the extremely high need for methods of setting signals (both green splits and offsets) to meet goals other than traditional "congestion reduction" goals. Much of the modelling benefits seen in the Porto study were due to adjustments of signal timings "by hand" and R.G. Clegg, A.J. Clune much of these benefits were connected with offset alterations, yet no good tool yet exists for optimising signal offsets to meet a variety of goals. Those signal offset tools which do exist are aimed purely at getting vehicles through junctions quickly rather than improvements to specific routes or deliberate routeshift policies. As can be seen, the Porto results do not always agree between models. Generally speaking, however, the changes are in the same direction and often to approximately the same degree. The notable exceptions are the flow on MM3 in both sets of results and the travel time on RR2 in the second set of results. These disparities were examined carefully but have not yet been fully explained.
THE THESSALONIKI CASE STUDY
Thessaloniki is the second biggest city in Greece (after the capital Athens). According to the 1991 Census the Municipality of Thessaloniki has approximately 500,000 inhabitants, while the surrounding area has some 900,000 inhabitants.
The Thessaloniki case study objectives are shown in Table 2 . The areas chosen are main routes into the city and main routes for public transport.
In this table, in a similar way to Table 1 , "Red > 10%" means the aim was a reduction of 10% or greater. "Inc < 5%" means that any increases had to be limited to no more than 5% and for the final few targets explicit reductions in delay were asked for.
The two Egnatia road objectives listed together represent the travel time in opposite directions along the same road. The four delay based objectives at the bottom represent different approaches to two different junctions. It may be useful to clarify some of these objectives. Reduction objectives are met if a reduction of at least that much is given. Increase flow objectives, on the other hand, are met if the flow is reduced or increased by equal to or less than the specified amount. In Thessaloniki, we were allowed to change 124 signal settings (this comprised all the signals which were centrally controlled by the city council --approximately half the signals in the city).
Before "tweaking", as assessed in STEER, nine objectives were met and four were made worse. As assessed in SATURN, nine objectives were met and six were made worse. However, of these, some of those met are extremely well met, but some are made a lot worse (notably Monastiriou and Koumtourgiolti). After "tweaking" eight objectives are met in STEER and three are made worse, whereas R.G. Clegg, A.J. Clune in SATURN, ten are met and five are made worse. It should be noted however, that in the "after tweaking" results, only one objective is made much worse in each model (Demetriou in STEER and Koumtourgiolti in SATURN).
The overall network results in Thessaloniki were that after tweaking, assessed in STEER, the total travel time on the network had decreased by 12% and the delay to vehicles by 17%. Assessed in SATURN, the total travel time had decreased by 7% and the delay to vehicles by 10%. These considerable gains in travel time seem, in themselves, to make the scheme worthwhile.
Before "Tweaking"
After "Tweaking"
Delay Red. > 2mins -1.85min -0.1min -1.02min -0.32min Table 2 : Thessaloniki objectives as assessed in STEER and SATURN It can be seen that there is a considerable disparity between STEER and SATURN on some objectives, notably on the delay objectives and the second Egnatia Road objective. This is, perhaps, because Thessaloniki was, in many ways, the most complex of the networks that we looked at. It is reassuring to note that in the majority of cases the models agree on the direction of change and often in the magnitude of change. It is also reassuring that in the "tweaked" results, the agreement between models is much better. However, there are still considerable differences which are being examined.
THE YORK CASE STUDY
York is a historic city in the north-east of England. It has an urban population of around 135,000 and attracts around 3 million tourists each year. For almost a decade the City Council has had a transport strategy which aims to promote methods of transport which are more efficient that the car in using the limited road and parking spaces available. The council has sought to hold peak hour car use to 1992 levels.
The York case study was, in some ways, the odd-one-out of the MUSIC project. It was decided early in the project that signal timing plans would not be created for the whole network but would, instead, concentrate on a single corridor where some new signals were being placed. The scheme being implemented involved the creation of two short stretches of bus-lane along an inbound corridor (the Hull Road) for one of York's Park and Ride routes. These short bus-lanes would, on their own, do little to speed buses. However, in combination with bus-actuated signals, they were intended to allow the buses to get ahead of some of the traffic on the inbound route during the rush hour while, at the same time, the two new signals could act as a kind of "gating" mechanism to slow the stream of cars heading into the city along the Hull Road and ease congestion at the end of the route. The pre-signal mechanism used is shown in Figure  2 . R.G. Clegg, A.J. Clune The objective of the MUSIC project in York was to calculate timings for these two new signals which would meet the objectives shown in Table 3 (chosen by the City Council). In summary, the objective was to speed the buses along Hull Road without penalising cars too greatly. It was hoped that this would also have a positive effect on the congested downstream signal at Melrosegate. A concern was that if vehicles suffered any great delay due to the pre-signals, they would re-route through Tang Hall Lane, University Road or Murton Village so it was important to monitor the level of "rat-running" through these areas. Needless to say, the originally envisaged MUSIC method was inappropriate for the York case. In this case, however, it proved possible to simply try every possible timing combination since only two signals were involved. The results were assessed in three models, SATURN, STEER and CONTRAM. It became clear early in the modelling that only one of the signals made a significant difference to travel times for cars. The results of the timings tried for this signal are shown in Figures 3, 4 and 5. In each of these graphs, the x axis is the green time given to general traffic from a 60 second cycle. They also agree that the scheme will make little difference to bus travel times (and often will hinder buses) but it was thought that this was due to problems with accurately modelling bus-responsive signals. From this modelling, a "bite point" of thirty seconds green to general traffic was identified as the level where the signals started to become effective at holding back traffic. This was the timing which was implemented.
BEFORE AND AFTER STUDIES
At the time of writing, all three MUSIC sites have implemented the signal plans from the modelling presented above. The after studies have been completed but the results have not yet been analyzed, so it is impossible to judge the overall success of the project as yet. It is, however, worth mentioning some initial encouraging results from the three sites. The York site has had the after study in place longest and reports more than a one minute decrease in bus journey time during the rush hour (from a total journey time which averaged over eight minutes in the section being measured), an increase in bus reliability and a small decrease in car journey time on the route. There is also a slight increase in bus patronage estimated at being around thirty five passengers per day during the rush hour on the park and ride route (although, obviously, it is hard to know whether this is due to the signals or to some other factor it is encouraging that this increase was not seen on other Park and Ride sites in the city). All the targets set in York were met.
In Porto, the results seem quite mixed with improvements on some routes but problems occurring on others. In Thessaloniki, while the results have not yet been fully analyzed, it seems that the changes made are positive and travel time and delays are reduced on certain routes. There have been some problems in both Porto and Thessaloniki with disagreement with the modelling, despite generally favourable results. At present it is felt that this reflect drivers taking longer to re-route in response to changes in signals than was assumed in the modelling. The authors are currently attempting to design an experiment to measure how long re-routing takes in an on street setting.
CONCLUSIONS
We cannot yet judge whether the MUSIC project has been a success in its aims to use traffic signals for travel demand management, however, initial reports from the tests sites seem very favourable and the
